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(54) METHOD OF PRODUCING SIUCON THIM-RLM PHOTOELECTRIC TRANSDUCER AND 
PLASMA CVD APPARATUS USED FOR THE METHOD 



(57) In a method of manufacturing a silicon-based 
thin film photoelectric converter, a crystalline photoelec- 
tric conversion layer included in the photoelectric con- 
verter is deposited by plasma CVD under the foBowing 
conditions: the temperature of the underlying film is at 
most 550°C; 4 gas introduced into a plasma reaction 
chamber has a silane-based gas and a hydrogen gas 
where the flow rate of the hydrogen gas relative to the 
silane-based gas is at least 50 times; the pressure in the 
plasma reaction chamber is set to 3Torr; and the depo- 
sition speed is 17nnVmin in the thickness-wise direc- 
tion. 
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Description 



Technical RekJ 

5 [00011 The present invention relates to methods of manufacturing thin film photoelectric converters and plasma 
CVD apparatuses used for the methods, and more particularly, to reduction in the cost of silicon-based (sfflcon or silicon 
alloy) photoelectric converters and improvements in the performance thereof. Note that in this specification, the terms. 
"polycrysta!line\ "rrtcrocrystalKne' and "crystalline" refer not only to complete crystalline states, but also to partially 
amorphous states. 

w 

Background Art 

[0002] Typical 'thin film photoelectric converters include arnorphous s Boon -based solar cells. Since amorphous 
photoelectric conversion materials are formed by plasma CVD, normally at low temperatures around 200°C, the mate- 
re rials can be formed on inexpensive substrates such as glass, stainless steel, and organic f ims and this is why they are 
believed to be promising as materials for manufacturing low cost photoelectric converters. Furthermore, since in amor- 
phous silicon, the absorption coefficient is large in the visfcle light region, short-circuit current of ISmA/crrr 2 or higher 
has been achieved in a solar cell using an amorphous photoelectric conversion layer having a f im thickness of 500nm 
or less. 

20 [0003] The amorphous silicon-based materials, however, suffer from so-called Stebier-Wronekey effect, i.e. deteri- 
oration in the photoelectric inversion characteristic by long-term light irradiation, and the effective sensitivity wave- 
length region ranges up to about 800nm. Therefore, in a photoelectric converter using an amorphous silicon-based 
material, the reliability and performance improvement is limited, and essential advantages of the material that it allows 
for flexibility in selecting a substrate or applicability in low cost process are not fully taken advantage of. 

25 [0004] Meanwhile, in recent years, much energy has been devoted to development of photoelectric converters 
using a thin turn ihcluding a crystalline sllcon layer such as pdycrystaJline silicon and rnicrocrystalline silicon. The 
development is an attempt to compatibly achieve reduction in the cost of a photoelectric converter and improvement In 
the performance by forming a high quality, crystalline silicon thin f im on an inexpensive substrate ki a tow temperature 
process and its Application to various photoelectric converters such as photo sensor in addition to solar ceils Is 

so expected. 

[0005] There are methods of forming such crystalline silicon thin f ims including directly depositing a f im on a sub- 
strate by CVD or sputtering and depositing an amorphous film on a substrate in a similar process, followed by thermal 
anneal or laser anneal for crystallization. Any of these methods requests that the process must be carried out at a tem- 
perature of 550°C or less in order to use an inexpensive substrate as described above. 

36 [0006] Among such processes, it is expected that the method of directly depositing a crystalline silicon thin film by 
plasma CVD can most readily achieve reduction in the process temperature and increase in the area of the film, and 
that a high quality film can be relatively easily obtained. If a polycrystaHine silicon thin film is obtained by this method, 
a high quality, crystalline silicon thin f Im is formed on a substrate by some process, and then, using the film as a seed 
layer or a crystallisation control layer, a film may be formed thereon such that a high quality, polycrystaHine silicon thin 

40 film can be formed at a relatively low temperature. 

[0007] Meanwhile, there is a wen known method of forming a film, using a silane-based material gas diluted 10 
times or more with hydrogen, by setting the pressure in a plasma reaction chamber in the range from 10 mTorr to 1Torr 
to obtain a rnicrocrystalline silicon thin film. In this method, a silicon thin film can be readily formed into microcrystal at 
a temperature around 200°C. For example, a photoelectric converter including a photoelectric conversion unit formed 

45 by a pin junction of rnicrocrystalline silicon is disclosed in Appl. Phys. Lett., vol. 65. 1994, p. 860. The photoelectric con- 
version unit includes a p-type semiconductor layer, an i-type semiconductor layer which is a photoelectric conversion 
layer and an n-type semiconductor layer, simply deposited sequentially by plasma CVD, and all the semiconductor lay- 
ers are of rnicrocrystalline silicon. However, the deposition speed is less than 10nrrvmin in the thickness-wise direction 
by conventional methods and under conventional conditions and too low for obtaining a high quality, crystalline silicon 

so film and a high performance, silicon-based thin film photoelectric converter, and the speed is not more than the case of 
forming amorphotlis silicon films. 

[0008] Meanwhile, an example of a silicon film formed at a relatively high pressure of STorr by low temperature 
plasma CVD is disclosed by Japanese Patent Laying-Open No. 4-137725. In this example, however, the silicon thin f im 
is directly deposited on a substrate of glass or the like and is presented simply as an example in comparison to the 
55 invention disclosed by Japanese Patent Laying-Open No 4-137725. and the quality of the flm is too low to be applied 
to photoelectric converters. 

[0009] In general, if the pressure condition is raised in plasma CVD, a considerable amount of powdery product or 
dust is generated in the plasma reaction chamber, in which case such dust is Skely to fly and come into the deposited 
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film and generate pin holes in the film. In order to reduce such deterioration in the quality ol the fim, ihe reaction cham- 
ber must be frequently cleaned inside. Particularly when a fim is formed at a low temperature of 550°C or less and the 
pressure in the reaction chamber is raised, such disadvantages can be noticed. In the manufacture of a photoelectric 
converter such as a solar cell, a thin film having a large area must be deposited, which could lower the yield and 
5 increase the labor and cost for maintaining the f Im forming device. 

[00101 Therefore, when a thin film photoelectric converter is manufactured by plasma CVD, conventional methods 
have employed a pressure condition of ITorr or less as described above. 

[001 1] A pbtycrystalfine photoelectric converter including a crystalline silicon-based thin film photoelectric conver- 
sion layer as described above suffers from the following disadvantage. More specifically, when used as a photoelectric 
10 conversion layer tor a solar cell, the film thickness must be at least several nm to several tens fim so that the film is 
alowed to absorb enough sunlight in view of the absorption coefficient of crystalline silicon, whether it is poly crystalline 
silicon or partly amorphous microcrystalline si Scon. This thickness is larger than that of an amorphous silicon photoe- 
lectric conversion layer by about one or two digits. 

[001 2] Meanwhile, by conventional methods, the forming speed of a film Is not more than that of an amorphous si - 

is icon film, as low as about lOnm/min for example if various ooncftion parameters including temperature, pressure in the 
reaction chamber, high frequency power and gas flow ratio are considered tor obtaining a high quality, crystalline sili- 
con-based thirl film at a low temperature by plasma CVD. Stated differently, the crystalline silicon thin film photoelectric 
conversion layer requires time tor forming several to several ten times as long as that of an amorphous silicon photoe- 
lectric conversion layer, which impedes the throughput in the manufacturing process of photoelectric converters from 

20 increasing and the coet from being reduced. 

[0013] Conventional apparatuses to produce solar cells include those of the inline type according to which a plural- 
ity of fim deposition chambers are linearly coupled as shown the block diagram in Fig. 6 and those of the rrxiti-charnber 
type accordng to which a plurality of chambers are arranged around an intermediate chamber as shown In the block 
diagram in Fig;. 7. Note that for an arnorphous silicon solar cell, there is also known a simple method called "single 

25 chamber method", according to which all the semiconductor layers are formed in the same chamber. However, in order 
to prevent conductivity determining impurity atoms which are doped into p-type layers and n-type layers from coming 
into different Wnds of semiconductor layers, the gas in the chamber must be completely replaced for example by gas 
replacement for 1 hour using a purge gas such as hydrogen before forming these semiconductor layers. Even such gas 
replacement process could not secure high performance of an amorphous silicon solar eel, the single chamber method 

30 is no longer used other than tor experimental purposes. Furthermore, in the manufacture of an amorphous silicon solar 
ceH, a layer of tone conductivity type, a photoelectric conversion layer and a layer of the opposite conductivity type must 
be sequentially formed in a vacuum process without ever being exposed to the atmosphere in this method, and there- 
fore the inline method or multi-chamber method is employed in industrial applcations- 

[0014] For example, in an nip type solar cell in which an n-layer, an l-teyer and a p- layer are sequentially deposited 
35 from the side of the substrate, according to the inline method as shown in Rg. 6, an n-layer deposition chamber 3n to 
form the n-layer, 6 i -layer deposition chambers 3i 1 to 3i 6 to form a photoelectric conversion layer, and a p-layer deposi- 
tion layer 3p to form the p-layer are continuously coupled. In this case, the n and p layers are thinner than the Mayer 
and require significantly shorter time to form than the i layer, a plurality of such Mayer deposition chambers are usually 
coupled to raiie the productivity, and until the time for forming the n and p layers becomes the rate determining factor, 
40 the productivity improves as the number of i -layer deposition chambers increases. In this inline method, however, the 
plurality of i-laVer deposition chambers thus provided require maintenance most, and therefore the entire production 
line must be stopped for maintenance of even a single Mayer deposition chamber. 

[001 5] Meanwhile, in the multi-chamber method shown In Fig. 7, a substrate on which films are to be deposited is 
moved through an intermediate chamber 4m to each of film deposition chambers 4n. 4^ to 4i 4 and 4p. Since a movable 

45 partition to keep airtightness is provided between each chamber and the Intermediate chamber, a trouble caused In a 
certain chamber does not obstruct the use of the other chambers, and therefore the whole production line does not 
have to be stopped for the trouble. The producing apparatus according to this multi-chamber method however has a 
complicated ah d therefore expensive mechanism to move the substrate while keeping airtight between intermediate 
chamber 4m and each of chambers 4n, 4i 1 to 4i 4 and 4p, and besides, the number of chambers which can be provided 

so around intermediate chamber 4m is spatially limited, so the method is not much employed in practice. 

[0016] If a silicon -based thin film photoelectric converter includes a photoelectric conversion unit Including a pin or 
nip junction, a pory crystalline silicon-based thin film or a mlcrocrystailine sificon-based thin film partially having an 
amorphous state would be preferably used for a conductivity type layer such as a p- or n-layer. When such a crystalline 
conductivity type layer is formed by plasma CVD, an electrode material layer such as a transparent conductive oxide 

55 film or metallic* film serves as an underlying layer for a conductivity type layer to be deposited before a photoelectric con- 
version layer is deposited and the photoelectric conversion layer serves as an underlying layer tor a conductivity type 
layer to be deposited after the photoelectric conversion layer is deposited,. The conductivrty type layer would be prefer- 
ably deposited under plasma CVD conditions to introduce high discharge power using a material gas ol kited with hydro- 
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gen in order to improve the function ol the layer. However, if a conductive type microcrystaiWne silicon-based film is 
deposited under active plasma conditions, high energy plasma damages the underlying layer or the mutual diffusion 
between the impurity atoms becomes active to deteriorate the interface characteristic of semiconductor junction, so that 
grains cannot grew enough In the conductivity type layers and an incomplete rrtcrocrystalline fim may result. The 
5 speed of film deposition Is extremely low by the conventional plasma CVD, which impedes the throughput in the manu- 
facture of photoelectric converters from increasing and the cost from being reduced. 

[001 7] In view of the above described disadvantages associated with the conventional techniques. It is an object of 
the present invention to improve the throughput in the manufacturing process by increasing the forming speed of a crys- 
talline silicon-based photoelectric conversion layer formed by low temperature plasma CVD, to improve the perfbrm- 
w a nee of a photoelectric convener and to provide a plasma CVD apparatus preferably used for these purposes. 

Disclosure of the Invention 

[0018] In a method of manufacturing a silicon-based thin film photoelectric converter accorcSng to one embodiment 
i5 of the present invention, the photoelectric converter includes one or more photoelectric conversion units formed on a 
substrate, at least one of the photoelectric conversion units is a polycrystaRine photoelectric conversion unit including 
a semtoonductor layer of one conductivity type, a crystalline silicon-based thin film photoelectric conversion layer, and 
a semiconductor layer of the opposite conductivity type, sequentially deposited upon one another, the crystalline pho- 
toelectric conversion layer is deposited under the plasma CVD conditions: the underlying layer is at a temperature of 
20 550° C or less; the gas introduced into a plasma reaction chamber has a silane-based gas and a hydrogen gas as main 
constituents; the flow rate of the hydrogen gas Is 50 times or more that of the silane-based gas; the pressure in the 
plasma reaction chamber is set at 3Torr or more; and the forming speed of the fim is not less than 17nm/min in the 
thickness-wise direction. 

[0019] A method of manufacturing a silicon-based thin fim photoelectric converter by plasma CVD according to 

25 another embodiment of the present Invention is characterized in that an n-type layer is formed to have a thickness in the 
range from 2 to 5dnm, an l-type crystalline siRcon-based photoelectric conversion layer is formed to have a thickness in 
the range from 1 to 5nm at a opposition speed of 17nm/min or more, a p-type layer is formed to have a thickness in the 
range from 2 to 50nm, and these n-type layer, i-type photoelectric conversion layer, and p-type layer are successively 
formed in the same plasma CVD reaction chamber. 

30 [0020] In a method of manufacturing a silicon-based thin film photoelectric converter according to another embod- 
iment of the present invention, the photoelectric converter includes one or more photoelectric conversion units formed 
on a substrate, arid at least one of the photoelectric conversion units is a polycrystatline photoelectric conversion unit 
including a semiconductor layer of one <x*xJuctivity type, a crystalline silicon-based rjhotoelectric conversion layer of 
substantially intrinsic semiconductor, and a semk»nductor layer of the opposite conductivity type, sequentially layered 

35 upon one anothef by plasma CVD. at least one of the conductivity type layers includes a crystalline silteort-based thin 
film, and the crystalline conductivity type layer is deposited by plasma CVD under the following conditions: the under- 
lying layer Is at 550*0 or less; a material gas introduced into the plasma reaction chamber has a silane-based gas and 
a diluted gas containing hydrogen as main constituents and the flow rate of the diluted gas is 100 times or more that of 
the slane-based gas; the pressure in the plasma reaction chamber is set at STorr or more; and a film is formed at a 

40 speed of 1 2nm/mln or more in the thickness-wise direction to have a thickness in the range from 2 to 50nm. 

Brief Description of the Drawings 
[0021] 

46 

Fig. 1 is a schematic perspective view of a polycrystalline silicon-based thin film photoelectric converter according 
to a manufacturing method according to Embodiment 1 of the present invention; 

Fig. 2 is a schematic perspective view of an arnorphous/pory crystalline tandem type siicon-based thin fim photo- 
electric converter according to a manufacturing method according to another embodiment of the present invention; 
50 Fig. 3 is a schematic perspective view of an anx>rphous/Jx>lycrystalline tandem type siicon-based thin fim photo- 
electric converter according to a manufacturing method according to another embodiment of the present invention; 
Fig. 4 is a schematic cross sectional view of a plasma CVD apparatus preferably used according to the methods 
according to the embodiments of the present invention; 

Fig. 5 is a schematic block diagram of a single-chamber type plasma CVD apparatus used in an example of the 
55 manufacturing methods according to the embodiments of the present Invention; 

Fig. 6 is a schematic block diagram of a Inline type manufacturing apparatus used tor a conventional method of 
manufacturing a photoelectric converter; and 

Fig. 7 is a schematic block diagram of a iTiultt-chambei type rnanufacturlng apparatus used for a conventional pho- 
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toelectric converter. 
Best Modes ktf Carrying Out the Invention 

5 [0022] Fig. 1 is a schematic perspective view of a silicon-based thin film photoelectric converter manufactured 
according to one embodiment of the present invention. A metal such as stainless steel, an organic film or inexpensive 
glass having allow melting point may be used for the substrate 201 of the converter. 

[0023] A backside electrode 210 on substrate 201 includes at least one of the thin films (A) and (B) below and may 
be formed by deposition or sputtering. 

10 

(A) A metallic thin f im including a layer of at least one metal selected from Ti. Cr, Al. Ag, Au, Cu and Pt or an alloy 
thereof. 

(B) A transparent conductive thin film including a layer of at least one oxide selected from [TO, SnC^ and ZnO. 

is [0024] A serniconductor layer 204 of one conductivity type in photoelectric conversion unit 211 is deposited on 
backside electrode 210 by plasma CVD. An n-type silicon layer doped with at least 0.01 atomic % phosphorus which 
determines the conductivity type, a p-type silicon layer doped with at least 0.01 atomic % boron atoms or the like may 
be used for one conductivity tynA semiconductor layer 204. These conditions for one conductivity type semiconductor 
layer 204 are however not limitative, and such impurity atoms may be aluminum or the like, or an alloy material such as 

20 sHicon carbide and silicon germanium may be used for the p-type siicon layer. One conductivity type silicon -based thin 
film 204 may be poly crystalline, macrocrystalline or amorphous, and the thickness is set in the range from 1 to 1 0Onm, 
more preferably In the range from 2 to 30nm 

[0025] For photoelectric conversion layer 205 of the crystalline silicon-based thin film, a non-doped Mype polycrys- 
talline silicon thin fim, an i-type microcrystaJine silicon thin film having a crystallized volume fraction of at least 60% or 
25 a weak p- or n -type silicon-based thin film material containing a small amount of impurity and enough photoelectric 
conversion efficiency may be used. The materia) of photoelectric conversion layer 205 is not Irrited to the above, and 
an a Icy material such as siicon carbide or silicon germanium may be used Photoelectric conversion layer 205 has a 
thickness in the range from 0.5 to 20^m, which is necessary and sufficient for a crystalline sificon thin film photoelectric 
conversion layer. 

30 [0026] Crystalline silicon-based photoelectric conversion layer 205 may be formed by a commonly employed paral- 
lel plate-type feF plasma CVD as well as by plasma CVD using a high frequency power supply voltage having a fre- 
quency of at most 1 50MHz and in the range from the RF band to VHF band. 

[0027] Note that by these kinds of plasma CVD, crystalline silicon-based photoelectric conversion layer 205 is 
formed at a temperature of 550° or less, the temperature which allows the above described inexpensive substrate to be 
55 used. 

[0028] Crystalized sTicon-baaed thin film photoelectric conversion layer 205 is deposited under a pressure of 3Torr 
or more in a reaction chamber, preferably STorr or more by plasma CVD. At this time, the high frequency power density 
is preferably not less than 20mW/cm 2 , more preferably not less than 50mW/cm 2 . Furthermore, the gas introduced into 
the reaction chamber contains as main constituents a silane-based gas and a hydrogen gas, and the flow rate of the 
40 hydrogen gas is 50 times or more that of the silane-based gas. Mono-silane, di-silane a the like is preferable as the 
silane-based gas, and a halogenated silicon gas such as silicon tetrafluoride, silicon tetrachloride, and dichlorsilarte 
may be used as wel. In addition to these, an inert gas such as noble gas, preferably helium, neon, argon or the like may 
be used. 

[0029] The present invention is characterized in that crystalline silicon-based thin film photoelectric conversion 

4s layer 205 as described above may be formed at a 6peed ol 17nrrvmin or more. 

[0030] Most crystal grains contained in crystalline silicon-based thin film photoelectric conversion layer 205 grows 
extending upward in a columnar form from underlying layer 204. Much of the grains have a (1 10) preferential crystal 
orientation plane parallel to the surface of the film, and its intensity ratio of the (1 1 1) cSffraction peak to the (220) diffrac- 
tion peak obtained by X-ray diffraction is preferably at most 1/5, more preferably at most 1/10. rf the surface of the 

so underlying layer, one conductivity type layer 204 is substantially flat, a surface texture structure having fine irregularities 
of intervals smaler by about one digit than the film thickness can be automatically formed on the surface after photoe- 
lectric conversion layer 205 is formed. 

[0031] The resulting crystalline silicon-based thin film 205 preferably contains hydrogen in the range from 0.5 
atomic % to 30 atomic %, more preferably in the range from 1 atomic % to 20 atomic % obtained by secondary ton mass 
66 spectroscopy. 

[0032] In fre method of forming crystalline silicon-based thin fim photoelectric conversion layer 205 according to 
the present invention, the pressure is higher than the conventional condition such as 3Torr or less, and therefore ion 
damages in the fim can be reduced as much as possible, tnerefore. rf the nigh frequency power or the gas flow rate is 
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increased to increase the deposition speed, a high quality film can be formed at a high speed with small ion damages 
on the deposited ft m surface. If the film is formed under high pressure, there could be contamination by powder gener- 
ated in the reaction chamber, but such problem is less likely since the material gas is dluted with a large amount of 
highly thermally conductive gas. 

5 [0033] Furthermore, crystalline silicon-based thin film 205 of higher quality than the conventional method is 
obtained according to the present invention for the following reasons. Since the flm is formed at a high speed, the ratio 
of impurity atoms such as oxygen and nitrogen remaining in the reaction chamber to be introduced into the film is 
reduced. Since the time required for crystal nudeations is short in the initial stage of the film growth, the crystal nude- 
ation density is relatively reduced, which alows crystal rains strongly oriented in large size to be easily formed. Further- 

10 more, If the film ts formed at a high pressure, grain boundaries or defects in grains may be easly passivated and the 
defect density is reduced. 

[0034] On photoelectric conversion layer 205, a silicon-based thin film as semiconductor layer 206 of the conduc- 
tivity type opposite to that of the underlying layer 204 is deposited by plasma CVD. As this opposite conductivity type, 
siticon-based thin flm 206, a p-type silicon thin film doped with 0.01 atomic % or more of boron, conductivity type deter- 

16 mining atoms, for example or an n-type silicon thin film doped with 0.01 atomic % or more of phosphorus may be used. 
The conditions for semiconductor layer 206 of the opposite conductivity are not limitative, and the impurity may be alu- 
minum in the p-type silicon, for example, or a film of an alloy material such as silicon carbide or silicon germanium may 
k c usec j sjjjsQn.KocgH thin film 206 of the opposite <x*vkK7tivrty type may be polycry&talline, microcrystaline or amor- 
phous, and the thfckness is set in the range from 3 to 100nm, more preferably in the range from 5 to 50nm. 

20 [00351 A transparent conductive oxide film of at least one layer selected from ITO, Sn0 2 , ZnO and the like is formed 
on photoelectric Conversion unit 211. on which a comb-shaped, metal electrode 208 Inducing a layer of a metal 
selected from A), Ag, Au, Cu, Pt and the like or an alloy thereof is formed as a grid electrode by sputtering or vapor dep- 
osition, and the photoelectric converter as shown in Fig. 1 is completed. 

[0036] Fig. 2 is a schematic perspective view of a tandem-type sifccon -based thin fim photoelectric converter man- 
25 ufactured aocorcBrig to another embodiment of the present invention. In the tandem-type photoelectric converter shown 
in Fig. 2, a plurality of layers 402 to 406 on substrate 401 are formed the same manner corresponding to the plurality of 
layers 202 to 206 similarly to the case in Fig. 1 

[0037] In the tandem-type photoelectric converter shown in Fig. 2, however, an amorphous photoelectric conver- 
sion unit 412 is formed on a pcHycrystalline photoelectric conversion unit 41 1 by plasma CVD. Amorphous photoelectric 
30 conversion unit 412 includes a microcrystalline or amorphous silicon-based thin film 413 of one conductrvrty type, an 
amorphous silicon-based thin film photoelectric conversion layer 414 which is a substantially intrinsic semiconductor, 
and a microcrystalline or amorphous silicon-based thin film 415 of the opposite conductivity type, sequentially layered 
on one another on poly crystalline photoelectric conversion unit 41 1 . 

[0038] A front side transparent electrode 407 and a comb-shaped metallic electrode 408 are formed on arrorphous 
3s photoelectric conversion unit 41 2 similarly to corresponding elements 207 and 208 in Fig. 1 , and thus the tandem-type 
photoelectric converter in Rg, 2 is completed. 

[0039] As another embodiment of the present invention, a tandem type silicon-based thin film photoelectric con- 
verter in which light comes into the side of a glass substrate as shown in Rg. 3 may be manufactured. In this photoe- 
lectric converter shown in Rg. 3, a layer 607 corresponding transparent layer 407 in Rg. 2 is formed on a transparent 
40 substrate 601 . Or! this transparent conductive layer 607, a plurality of layers 602 to 606 and 613 to 61 5 corresponding 
to the plurality of layers 402 to 406 and 413 to 41 5 in Rg. 2 are sequentially deposited in the opposite order. At this time, 
layers 602 to 606 and 613 to 615 in Rg. 3 may be formed similarly to corresponding layers 402 to 407 and 413 to 415 
in Fig. 2. 

[0040] It goes without saying that the largest problem in increasing the throughput lies in the step of manufacturing 
45 crystalline photoelectric conversion layers (205. 405, 605), which must have a large thickness, in the series of manu- 
facturing steps of the above described photoelectric converter. However according to the present invention, the depo- 
sition speed of the crystalline photoelectric conversion layer significantly increases, and a f flm of even better quality can 
be obtained, which may greatly contribute to improvement in the performance of the 6iltcon-based thin f Hm photoelectric 
converter and reduction in the cost 
so [0041 ] In the following, silicon-based thin film solar cells as silicon-based thin film photoelectric converters accord- 
ing to various embodiments of the present invention will be described with reference to solar cells according to Com- 
parison Examples. 

Embodiment 1 

56 

[0042] A polyfcrystalline silicon thin film solar cell was manufactured as Embodiment 1 corresponding to the embod- 
iment shown in Fig. 1. A Agfim 202 having a thickness of 300 nm and a ZnO film 203 having a thickness of 100nm ther- 
eon were formed as a backside electrode 210 on a glass substrate 201 by sputtering. An n-type microcrystalline slcon 



6 



EP 1 041 646 A1 



layer 204 doped with phosphorus and having a thickness of 30nm, a non-doped, potycrystanine silicon thin film photo- 
electric convention layer 205 having a thickness of 3nm and a p-type microcrystaiSne si Scon layer 206 doped with boron 
and having a thickness of 1 5nm were formed on backside el ectrode 2 1 0 by RF plasma CVD to form an nip photoelectric 
conversion unit 21 1 . On photoelectric conversion unit 21 1 , a transparent conductive ITO flm as thick as 80nm was 
5 deposited as a front side electrode 207 by sputtering, on which a comb-shaped, Ag electrode 208 to take current was 
deposited by vapor deposition. 

[0043] Poiycrystaliine silicon thin film photoelectric conversion layer 205 was deposited by RF plasma CVD using a 
high frequency power supply of 13.56MHz. In the reaction gas used at this time contained a mixture of slane and hydro- 
gen in the flow ratio of 1^0, and the pressure in the reaction chamber was 3.0Torr. The discharge power density was 

io SOmW/cm 2 , and the temperature to form the film was set at 400°C. Under these conditions, the forming speed of pdy- 
crystaline silicon thin film photoelectric conversion layer 205 was l7nmAnin. The intensity ratio of the (111) diffraction 
peak relative to the (220) diffraction peak obtained by X-ray effraction for photoelectric conversion layer 205 was 1/16, 
and the content of hydrogen obtained by secondary ion mass spectroscopy was 0.8 atomic % 
[0044] In the output characteristic, when incident light 209 of AM 1.5 with 1 OOmW/cm 2 was directed to this polycrys- 

16 talfine silicon thin flm solar cell of Embodiment 1 , the open-circuit voltage was 0.498V, the short-circuit voltage density 
was 27.0mA/crn 2 , the fit factor was 71 .5%, and the conversion efficiency wa6 9.8%. 

Embodiment 2 

20 [0045] In Embodiment 2, a poiycrystaliine silicon thin film solar cell similar to Embodiment 1 was manufactured. 
More specifically, in this Embodiment 2. the film forming conditions of layers and the construction of the device were the 
same as those of Embodiment 1 , except that the film forming conditions of polycrystaline silicon thin film photoelectric 
conversion layer 205 was different. 

[0046] Poiycrystaliine silicon thin f im photoelectric conversion layer 205 according to Embodiment 2 was deposited 
25 by RF plasma CVD using a high frequency power supply of 13.56MHz. The reaction gas Included si lane and hydrogen 
in the flow ratio of 1:120, and the pressure in the reaction chamber was S.OTorr. The discharge power density was 
120mW/cm*, and the film forming temperature was set at 400°C. Under the film forming conditions, the deposition 
speed of poiycrystaliine silicon thin f im 205 was 23nrrVmin. The intensity ratio of the (1 1 1) diffraction peak relative to 
the (220) diffraction peak obtained by X-ray diffraction for photoelectric conversion layer 205 was 1/30, and the hydro- 
30 gen content obtained by secondary ion mass spectroscopy was 1 .6 atomic %. 

[0047] In the output characteristics, when incident light 209 of AM1 .5 with lOOmW/cm 2 was directed to the poiy- 
crystaliine silicon thin film solar cell of Embodiment 2, the open-circuit voltage was 0.520 V, the short-circuit current den- 
sity was 27.4rfiA/cm 2 , and the fill factor was 75.1%. and the conversion efficiency was 10.5%. 

35 EmbodimentslS to 8 

[0048] As Embodiments 3 to 8, a poiycrystaliine silicon thin flm solar ceil 205 was manufactured on a glass sub- 
strate similarly to Embodiments 1 and 2 except that the conditions of forming poiycrystaliine silicon thin film photoelec- 
tric conversion layer 205 were changed to those in the following Table 1. The physical properties of poiycrystaliine 
40 silicon thin f flrrt photoelectric conversion layers 205 formed according to Embodiments 3 to 8 and characteristics of solar 
cells manufactured including each layer are given in Table 2. in Tables 1 and 2, the conditions of forming the films 
according to Embodiments 1 and 2, the physical properties of films formed under the conditions and characteristics of 
solar eels manufactured Including the f 1ms are also given. 



Table 1 



Embodiment 
No 


Discharge 
Freq. (MHz) 


Gael tow Ratio 
Silane/H 2 


Pressure (Torr) 


Discharge 

Power 
(mW/cm 2 ) 


Temp. 0>C) 


Deposition 
Speed 

(nm/rrrin) 


1 


13.56 


1/60 


3.0 


80 


400 


16 


2 


13.56 


1/100 


4.0 


100 


400 


18 


3 


13.56 


1/120 


5.0 


120 


400 


23 


4 


80 


1/120 


5.0 


150 


400 


55 


5 


13.56 


1/100 


5.0 


160 


400 


42 


6 

1 


13.56 


1/120 


5.5 


160 


400 


45 



7 



! 
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Table 1 (continued) 



Embodiment 
Na 


Discharge 
Freq. (MHz) 


Gas flow Ratio 
Siane/Hs 


Pressure (Torr) 


Discharge 
Power 

(mW/cm 2 ) 


Temp. C°C) 


Deposition 
Speed 

(nnrvmin) 


7 


13.56 


1/160 


10.0 


220 


400 


65 


8 


13 56 


1/140 


5.0 


120 


300 


20 



Table 2 



Embodiment 
No. 


X-ray Diffrac- 
tion 
(111)/(220) 


H Content in 
Rim (atom.%) 


Open-circuit 
Voltage (V) 


Short-circuit 
Current Den- 
sity (mA/cm 2 ) 


Fill Factor (%) 


Conversion 
Efficiency (%) 


1 


1/16 


0.8 


0.498 


27.0 


71.5 


9.6 


2 


1/16 


1.0 


0.502 


27.0 


74.1 


10.0 


3 


1/30 


1.6 


0.520 


27.4 


75.1 


10.7 


4 


1/27 


2.0 


0.528 


27.2 


72.7 


10.4 


5 


1/22 


2.0 


0.516 


27.7 


70.3 


10.0 


6 


1/22 


2.0 


0.523 


27.1 


70.0 


9.9 


7 


1/20 


2.3 


0.524 


26-7 


70.2 


9.8 


8 


1/30 


3.2 


0.545 


26.2 


74.4 


10.6 



Comparison Examples 1 to 4 

[0049] As Comparison Examples 1 to 4. poly crystal lira silicon thin film solar cells were manufactured on glass sub- 
strates similarly to Embodiments 1 to 8 except that polycrystalline silicon thin film photoelectric conversion layers were 
formed under the conditions in the following Table 3. The physical properties of the polycrystalline silicon thin fims 
formed in the Comparison Examples 1 to 4 and characteristics of solar cells including the fims are given in Table 4. 



Table 3 



Comparison 
Example No. 


Discharge Freq. 
(MHz) 


Gas Flow 

Ratio 
Silane/H 2 


Pressure (Torr) 


Discharge 

Power 
(mW/cm 2 ) 


Temp. (°C) 


Deposition 
Speed 
(nnVmin) 


1 


13.56 


1/18 


1.0 


15 


400 


5 


2 


13.56 


1/18 


1.0 


80 


400 


19 


3 


13.56 


1/18 


5.0 


80 


400 


18 


4 


j 13-56 


1/60 


1.0 


80 


400 


4 



Table 4 



Comparison 
Example No. 


i i 1 
X-ray Diffrac- 
tion 
(111)/(220) 


H Content in 
Rim (atom.%) 


Open-circuit 
Voltage (V) 


Short-circuit 
Current Den- 
sity (mA/cm 2 ) 


Fin Factor (%) 


Conversion 
Efficiency (%) 


1 

l 


1/9 


0.4 


0.461 


26.8 


70.5 


8.7 



8 
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Table 4 (continued) 



Comparison 
Example No. 


X-ray Diffrac- 
tion 
(11iy(220) 


H Content in 
Flm (atom.%) 


Open-circuit 
Voltage (V) 


Short-circuit 
Current Den- 
sity (mA/cm 2 ) 


Fill Factor (%) 


Conversion 
Efficiency (%) 


2 


1/3 


0.3 


0.188 


22.4 


52.1 


2.2 


3 


2/5 


0.4 


0.302 


14.8 


36.2 


1.6 


4 


1/4 


0.2 


0.102 


17.7 


44.3 


0.8 



[0050] As can be seen from Tables 3 and 4, in Comparison Example 1 , the deposition speed Is low since the pho- 
toelectric conversion layer is formed under the conventional conditions, and the solar cell including the photoelectric 
conversion layer has a conversion efficiency lower than those of Embodiments 1 to 8. In Comparison Example 2. the 
deposition speed of the photoelectric conversion layer increases since the discharge power is increased, but the con- 
version efficiency of the solar cell including the photoelectric conversion layer is significantly small. In Comparison 
Example 3, since both the reaction chamber pressure and discharge power are increased, the forming speed of the 
photoelectric conversion layer increases, while the photoelectric conversion efficiency of the solar cell Including the 
nhntoelectric Conversion laver is smaler with the flow ratio of silane and hydrogen being the same. In Comparison 
Example 4. the gas flow ratio of silane relative to hydrogen is significantly reduced while the discharge power is 
increased with the pressure being the same as the conventional method, and therefore, the deposition speed of the 
photoelectric conversion layer is reduced and the conversion efficiency of the solar cell including the photoelectric con- 
version layer is further reduced. 



Embodiment 9 

[0051] A method of manufacturing a por/crystalline silicon thin film solar cell Including the step of forming a crystal- 
line silicon-bated thin film photoelectric conversion layer 205 at a low temperature and a high speed according to 
Embodiments 1 to 8 is also useful in manufacturing a tandem-type solar cell having an amorphous silicon-based pho- 
toelectric conversion unit further on since the manufacturing process is almost similar. According to Embodiment 9 cor- 
responding to the embodiment shown in Fig. 2, in a tandem-type solar cell having an arnorphous photoelectric 
conversion unit 412 including an amorphous silicon photoelectric conversion layer 414 of a non-doped layer as thick as 
0 3>im on a porycrystallne silicon thin film photoelectric conversion unit 41 1 , the open-circuit voltage of 1 .40V, the short- 
circuit current density of 13. 4m A/cm 2 and the conversion efficiency of 1 4.0% were obtained under the same illumination 
conditions as Embodiment 1. 

[0052] According to another embodiment of the present Invention, at the time of depositing a crystalline silicon- 
based thin fPm photoelectric conversion layer 205 in Fig. 1 , tor example, a distance between an electrode at which a 
substrate is preferably provided in the plasma CVD reaction chamber and an electrode opposite to the substrate is pref- 
erably set to be not more than 1cm, and the pressure in the reaction chamber is preferably set to be not less than 5Torr. 
The distance between the electrodes is set thus small, in order to maintain the plasma discharge in a normal state, even 
if the gas pressure Is increased to a level higher than 5Torr. The high frequency power density at this time is preferably 
at least lOOmW/cm 2 . The flow ratio of the silane-based gas introduced into the reaction chamber relative to the hydro- 
gen gas is preferably 50 times or more, more preferably 100 times or more. Under the forming conditions of crystalline 
silicon-based photoelectric conversion layer 205, the deposition speed may be surely 1nm/hr or higher. 
[0053] Fig. 4 is a schematic cross section of an example of a plasma CVD apparatus preferably used for forming 
polycrystalline silicon-based thin film photoelectric conversion layer 205 in the above-described manner . In this plasma 
CVD apparatus, a lower plasma discharge electrode 222 and an upper electrode 223 are provided in a reaction cham- 
ber 221 . At least one of these two electrodes 222 and 223 opposite to each other in the vertical direction is movable in 
the vertical, horizontal and/or diagonal directions and the distance therebetween can be decreased/Increased to be 
less/more than 1cm. L , A 

[0054] A substrate 201 is introduced into reaction chamber 221 though an Inlet/outlet 225 including a valve (not 
shown) and can be attached on electrode 223. At this time, the distance between both electrodes 222 and 223 is 
expanded to be at least 1cm so that the substrate can be easily attached to electrode 223. Lower electrode 222 is hol- 
low to introduce a reaction gas 226 thereinto, and a plurality of small gas inlets are provided on the upper surface. When 
substrate 201 is mounted on upper electrode 223, the distance between both electrodes 222 and 223 is reduced to 1cm 
or less. Reaction chamber 221 is evacuated through an exhaustion flow path 227 while a reaction gas Is supplied from 
the gas inlets on lower electrode 222. so that the chamber may be maintained at a prescribed pressure. 
[00551 Meanwhile, when a photoelectric conversion layer 205 is deposited, silicon powdery matter could be gener- 
ated from the uncorsumed reaction gas for the growth of photoelectric conversion layer 205. In the conventional meth- 
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ods, since the distance between the electrodes is large, the speed of forming the fim is low and the pressure of the 
reaction gas is low. the influence of such silicon powdery matter is small. However, as shown in Rg. 4. when plasma 
CVD Is performed under a reaction gas pressure of at least STorr and with the distance between electrodes 222 and 

223 being at most 1cm, plasma 228 Is generated In a limited, narrow region, and therefore, much silicon powdery matter 
5 could result, in which case more frequent maintenance of the CVD apparatus than the conventional cases is required 

to remove the silicon powdery matter. 

[0056] in order to reduce such silicon powdery matter and allow photoelectric conversion layer 205 to more effi- 
ciently grow, the plasma CVD apparatus shown in Rg. 4 preferably includes a gas flow path control plate 224. Row path 
control plate 224 Is preferably a tube having a circular or polygonal cross section to surround the circumference of both 

io electrodes 222 and 223. This tubular flow path control plate 224 extends in the direction substantially orthogonal to 
electrodes 222 and 223. and has both ends extending beyond the positions of both electrodes 222 and 223. Row path 
control plate 224 however may include an opening to watch for discharge plasma 228 or let in/out substrate 201 as long 
as the function of the plate is not Impeded. Alternatively, flow path control plate 224 may be formed by providing a plu- 
rality of plates in a tubular form rather than an integral tube as a whole. Furthermore, flow path control plate 224 may 

is be movable such that substrate 201 can be transferred without disturbance. 

[0057] Gas flow path control plate 224 functions to concentrate the flow of the reaction gas in the vicinity of sub- 
strate 201 to allow photoelectric conversion layer 205 to grow efficiently and also functions to reduce the generation of 
silicon powdery matter. Flow path control plate 224 is preferably kept at a temperature In the range from plus and minus 
100°C from the temperature of the substrate to further reduce the generation of silicon powdery matter. This is for the 

20 purpose of preventing the silicon powdery matter from being generated from the consumed part of the reaction gas 
flow concentrated in the vicinity of substrate 201 tor growing photoelectric conversion layer 205, so that the powdery 
matter precipitates in the farm of a silicon film on flow path control plate 224. If the temperature of flow path control plate 

224 Is too high, the substrate temperature rises with the temperature of plasma accordingly, which makes It difficult to 
maintain substrate 201 at a prescribed temperature. Meanwhile, if the temperature of flow path control plate 224 is too 

25 low, the reaction gas which has reached to flow path control plate 224 will precipitate as silicon powdery matter rather 
than as a silicon f I m. 

[0058] Gas flow path control plate 224 is preferably positioned apart from the circumference of electrodes 222 and 
223 at a distance in the range from 1 to 50cm. This is because if the distance between both electrodes 222 and 223 is 
too small, discharge could occur between these electrodes 222 and 223 and flow path control plate 224, and if H is 

30 large, the effect of the gas flow path control is reduced. 

[0059J Note that the above semiconductor layers 204. 205 and 206 are preferably formed in separate plasma reac- 
tion chambers, but they may be formed in a single reaction chamber 221 as shown in Rg 4. In that case, the atmos- 
phere gas In reaction chamber 221 must be fully replaced before forming each of semiconductor layers 204, 205 and 
206. Since conductivity type layers 204 and 206 are much thinner than photoelectric conversion layer 205, they are 

35 desirably allowed to grow at a relatively tow reaction gas pressure and a low speed, and the distance between both 
electrodes 222 arid 223 is expanded to 1 cm or more in order to keep stable discharge at the low gas pressure. 
[0060] In the following, a silicon-based thin film solar cell manufactured according to a method which employs an 
electrode distance of 1cm or less wil be described as an embodiment of the present invention with reference to solar 
cefls according toi comparison examples. 

40 

Comparison Examples 5 to 8 

[0061 ] Polycrystalline silicon thin f ilm solar cells as Comparison Examples 5 to 8 were marxrfactured similarly to the 
solar cell shown in Fig. 1 . A Ag fim 202 as thick as 300nm and a ZnO fim 203 as thick as 1 0Onm thereon were formed 

45 on a glass substrate 201 as a backside electrode 210 by sputtering. On backside electrode 210 formed were phospho- 
rus-doped, n-type mlcrocrystaliine silicon Layer 204 as thick as 30nm, a non-doped, polycrystalline silicon thin film pho- 
toelectric conversion layer 205 as thick as 3*im. and a boron-doped, p-type microcrystaline silicon layer 206 as thick as 
1 5nm each by plasma CVD, thus forming an nip photoelectric conversion unit 21 1 . On photoelectric conversion unit 
21 1 , as front side electrode 207, a transparent conductive ITO film as thick as 80nm was deposited by sputtering, on 

so which a comb-sh$ped Ag electrode 208 for taking current was deposited by vapor deposition. 

[0062] N-type mlcrocrystaliine silicon layer 204 was deposited by RF plasma CVD. The flow ratio of the reaction gas 
used at that time was 5sccm tor silane, 200sccm for hydrogen, and 0.05sccm for phosphine, and the reaction pressure 
was 1 Torr. The RF power density was 150mW/cm 2 , and the temperature for forming the film was set to 200°C. The dark 
conductivity of art n-type miaocrystalline silicon fim as thick as 300nn% directly deposited on a glass substrate under 

55 the same conditWns as these plasma CVD conditions was 1 0S/cm. 

[0063] A crystalline silicon photoelectric conversion layer 205 was formed on n-type microcrystalline silicon layer 
204 under the plasma CVD conditions in Table 5. The distance between the plasma discharge electrodes at the time of 
forming photoelectric conversion layer 205 was 2cm in Comparison Examples 5, 6 and 8, while it was 1 5em in Conv 
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parteon ExamjHe 7. Note that the reaction gas was supplied not through the plurality of gas inlets provided on the sur- 
face of the electrodes as shown In Fig. 4 at this time, but supplied transversely between a pair ol discharge electrodes 
slmBarty to the conventional methods. The output characteristics, when incident light 209 of AM 1.5 with 100m W/cm 2 
was directed to the solar cells thus formed in Comparison Examples 5 to 8. are given in Ttole 6 together with the f 1m 
quality of photoelectric conversion layer 205. 



TabteS 



Comparison 
Example No. 


Discharge Freq. 
(MHz) 


Gd8 Flew 

Ratio 
Sllane/Ha 


Pressure (Torr) 


Discharge 
Power 

(mW/cm 2 ) 


Temp. ( C C) 


Deposition 
Speed (nm/hr) 


5 


13.58 


1/18 


1.0 


15 


400 


0.3 


6 


13.56 


1/18 


1.0 


80 


400 


1.1 


7 


13.56 


1/18 


5.0 


80 


400 


1.1 


8 


13.56 


1/60 


1,0 


80 


400 


0.2 



Tfcbie 6 



Comparison 
Example No* 


X-ray Diffrac- 
tion 
(111)/(220) 


H Content in 
Film (atom.%) 


Open-circuit 
Voltage (V) 


Short-circuit 
Current Den- 
sity (mA/cm 2 ) 


Fill Factor (%) 


Conversion 
Efficiency (%) 


5 


1/9 


0.4 


0.481 


26.8 


70.5 


8.7 


6 


1/3 


0.3 


0.188 


22.4 


52.1 


2.2 


7 


2/5 


0.4 


0.302 


14.8 


36.2 


1.6 


8 


1/4 


0.2 


0.102 


17.7 


44.3 


0.8 



[0064] As can be seen from Tfcbles 5 and 6, In Comparison Example 5 in which an example of conventional typical 
manufacturing conditions are employed, a conversion efficiency higher than the other Comparison Examples is 
obtained, while the deposition speed of photoelectric conversion layer 205 is low. in Comparison Example 6. the dis- 
charge power density Is higher than Comparison Example 5 which increases the deposition speed, but the photoelec- 
tric conversion efficiency is significantly lowered. In Comparison Example 7, the reaction gas pressure is higher than 
that of Comparison Example 6, and the deposition speed is not further improved, while the photoelectric conversion effi- 
ciency is further lowered. In Comparison Example 8, the flow ratio of hydrogen relative to silane is higher than Compar- 
ison Example 6, which in turn lowers the deposition speed significantly and further lowers the photoelectric conversion 
efficiency. 

Comparison Example 9 

[0065] In Comparison Exampl e 9, a photoelectric conversion layer 205 was attempted to be formed under the same 
conditions as those of Comparison Example 5 except that the distance between plasma discharge electrodes is short- 
ened from 2cm to 1 cm, but there was no discharge generated between the electrodes. In general, the gas pressure and 
the distance between the electrodes to keep discharge are in inverse relation, and if the gas pressure is small, the dis- 
tance between the electrodes must be set relatively large, while if the gas pressure is large the distance between the 
electrodes must be set small. 

Comparison Example 10 

[0066] In Comparison Example 10, a photoelectric conversion layer 205 was attempted to be formed under the 
same condrtidns as that of Comparison Example 6 except that the distance between the electrodes was reduced to 
1cm, hut there was no discharge generated between the electrodes. 
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Comparison Example 11 

[0067] In Comparison Example 11 , a photoelectric conversion layer 205 was attempted to be termed under the 
same conditions as Comparison Example 8 except that the distant between the electrodes was reduced to 1 cm, but 
s there was no discharge generated between the electrodes. 

Embodiments 9 to 13 

[0068] Solar cells according to Embodiments 9 to 1 3 were manufactured similarly to Comparison Examples 5 to 8 
10 except that an electrode 222 having a plurality of small gas inlets as shewn in Fig. 4 was used when a photoelectric 
conversion layer 205 was formed, that the distance between the electrodes was set to 1cm, and that photoelectric con- 
version layer 205 was formed under the condrttons given in Table 7. Note that the gas inlets on the upper surface of 
lower electrode 222 used at this time were distributed in a density of 2 inlets/cm 2 , and each erf the inlets was circular 
and had a diameter of 0.5mm. The distance between the electrodes was set to 1 .Ocm when the reaction gas pressure 
is was STorr and to u.7cm when the pressure was 10Torr. The output characteristics, when incident light 209 of AM 1 .5 
with lOOmW/cm 2 was directed to the solar celts of Embodiments 9 to 1 3. are given in Table 8 together with the f im qual- 
ity of photoelectric conversion layer 205. As can be seen from Table 7, in ErrtxxJments 9 to 13, high deposition speeds 
were obtained for photoelectric conversion layer 205, while as can be seen from Table 8. high photoelectric conversion 
efficiencies are obtained in the completed solar cells. 

20 



Table 7 



Embodiment 
No. 


Discharge 
Req. (MHz) 


Gas flow Ratio 
Silane/Ha 


Pressure (Torr) 


Discharge 

Power 
(mW/cm 2 ) 


Temp. (°C) 


Deposition 
Speed Qim/hr) 


9 ' 


13.56 


1/120 


5.0 


120 


400 


1.4 


10 


80 


1/120 


5.0 


150 


400 


3.3 


11 


13.56 


1/100 


5,0 


160 


400 


2.5 


12 


13.56 


1/160 


10.0 


220 


400 


3.9 


13 : 


13.56 


1/140 


5.0 


120 


300 


1.2 



36 



Table 8 



Embodiment 

No. 


X-ray Diffrac- 
tion 
(111)/(220) 


H Content in 
FHm (atom.%) 


Open-circuit 
Voltage (V) 


Short-circuit 
Current Den- 
sity (mA/cm 2 ) 


nil Factor (%) 


Conversion 
Efficiency (%) 


9 


1/30 


1.6 


0.520 


27.4 


75.1 


10.7 


10 


1/27 


2.0 


0.528 


27.2 


72.7 


10.4 


11 


1/22 


2.0 


0.516 


27.7 


70.3 


10.0 


12 


1/20 


2.3 


0.524 


26.7 


70.2 


9.8 


13 


1/30 


3.2 


0.545 


26.2 


74.4 


10.8 



60 

[00691 In Comparison Examples 12 to 16, a photoelectric conversion layer 205 was attempted to be formed under 
the same conditions as Embodiments 9 to 1 3 except that the distance between the electrodes was expanded from 1cm 
to 2cm, but there was no discharge generated between the electrodes. 

55 Embodiment 14 

[0070] In the above Embodiment 12, when the deposition speed of photoelectric conversion layer 205 formed using 
a glass substrate 201 having one side as large as 125mm was measured, there was a maximum of 10% difference 
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among various locations on the substrate. Therefore, in Embodiment 14, a gas flow path control plate 224 as shown in 
Fig 4 was used. Row path control plate 224 has a tubular shape with a circular cross section. The reaction gas let out 
from gas Inlets prodded in the upper surface of lower electrode 222 drifts about between both electrodes 222 and 223 
and then passed over and under flow path control plate 224 to be exhausted from exhaustion flow path 227. At this time, 
photoelectric conversion layer 205 was set at 300'C. Except the use of flow path control plate 224, photoelectric con- 
version layer 205 was formed under the same conditions as Embodiment 12. but the deposition speed was 4.2>inVhr, 
higher than Errjbodiment 1 2, and the deference in the growth speed of photoelectric conversion layer 205 was 4% at 
most, in other words, evenness In the growth speed was Improved. 

Comparison Example 17 

[0071] In Comparison Example 1 7, a photoelectric conversion layer 205 was formed under the same conditions as 
Embodiment 1& except that the density of gas inlets included in the upper surface of lower electrode 222 was 1 
inleVcm 2 . In Comparison Example 1 7, the reaction gas flow In the vicinity of the substrate was uneven, and spots were 
observed with the unaided eye on the surface of the photoelectric conversion 205 formed. 

[0072] By a method of forming a solar cell according to another embodiment of the present invention, substrate 201 
having a backside electrode 21 0 as shown in Fig. 1 is taken out from the backside electrode deposition chamber, then 
moved into a single common, film deposition chamber 2nip for forming n-, i- and p- type semiconductor layers, and an 
n-type semicoriductor layer 204 included in photoelectric conversion unit 21 1 is deposited by plasma CVD. (It goes with- 
out saying that the n-, i- and p- type semiconductor layers may be layered in the opposite order to the above.) At this 
time the substrate may be transferred between the electrode deposition chamber and the semiconductor deposition 
chamber in the air without any problem. N-type mfcrocryslalline silicon-based thin f im 204 was set to have a thickness 
in the range from 2 to 50nm, more preferably in the range from 5 to 30nm. 

[0073] A crystalline silicon-based thin film is famed as a photoelectric conversion layer 205 on n-type semiconduc- 
tor layer 204 In the same chamber 2nlp by CVD with the temperature of the underlying layer being 400°C or less. The 
thickness of photoelectric conversion layer 205 is set in the range from 1 to Sum. more preferably in the range from 1 
to 4um, the thickness necessary and sufficient as a crystalline silicon-based thin film photoelectric conversion layer. 
[0074] Since n -layer 204 has been deposited in the same chamber 2np immediately before photoelectric conver- 
sion layer 205 is deposited, phosphorus atoms, for example, diffused from an unnecessary part of the film sticking to 
the chamber wall surface or the plasma discharge electrodes form the initially deposited part in photoelectric conver- 
sion layer 205 into n-type. Such diffusion normally adversely affects the photoelectric conversion characteristics, but 
since n-layer 204 has a very smalt thickness in the range from 2 to 50nm, and the photoelectric conversion layer 205 is 
deposited at a high speed equal to or higher than I7nm/min, the phosphorus content of photoelectric conversion layer 

205 Is lower than the conventional film forming conditions, and the phosphorous density continuously decreases as the 
thickness of photoelectric conversion layer 205 increases. Therefore, the phosphor us -drffused part of photoelectric con- 
version layer 205 will not adversely affect the photoelectric conversion characteristics and could even complement n- 
layer 204 depending upon the conditions. The Initial layer to be of n-type In photoelectric conversion layer 205 is 
assumed to hive a thickness of at most 100nm, but In this embodiment since the photoelectric conversion layer has a 
sufficiently large thickness in the range from 1 to 5^m. and therefore the photoelectric conversion characteristics wil not 

deteriorate. 

[0075] Note that there may be formed an extremely thin amorphous siicon or silicon oxide film layer (not shown) 
between n-layer 204 and photoelectric conversion layer 205 in order to enhance the crystal orientation of photoelectric 
conversion layer 205. The thickness of such an intervening layer is preferably in the range from 0.5 to 50nm, more pref- 
erably in the range from 1 to 5nm. 

[0076] A p-type layer 206 is formed on photoelectric conversion layer 205 in the same chamber 2nip. The thickness 
of p-type layer 206 is preferably in the range from 2 to 50nm, more preferably in the range from 2 to 10nm. P-type layer 

206 may be not only an amorphous thin f am but ateo a microcrystalRne. silicon-based or alloy-based thin film, or may 
be a plurality of different thin films layered upon one another. 

[0077] Note that immediately before forming n-type layer 204 and i-type layer 205 after inserting a new substrate 
Into plasma CVD chamber 2nip, a purge gas such as hydrogen gas may be made to flow for cleaning the chamber, but 
the time for such cleaning is preferably about 20 minutes at most so that the productivity wil not be impaired. 
[0078] A transparent conductive oxide layer 207 including at least one layer selected from ITO. SnO^ ZnO and the 
like and a comb-shaped metallic electrode 208 including at least one selected from Al, Ag, Au. Cu. Pt Cr. Ti and the 
like or an alloy thereof are formed on photoelectric conversion unit 21 1 by sputtering or vacuum vapor deposition, and 
thus the photoelectric converter shown in Fig. 1 is completed. Note that in Fig. 1 light enters from the upper part, but It 
may be allowed to come in from the lower side, and in that case, metallic electrode 208 does not have to be comb- 
shaped and may be formed to cover layer 206 of the opposite conductivity with transparent concfcjctive film 207 being 
omitted. 
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[0079] tn the following, a method of manufacturing a silicon- based thin f 1m solar eel according to an embodiment 
using a single CVO chamber will be desafeed together with a method of manufacturing a solar cell as a comparison 
example. 

Comparison Exanlple 18 

[0080] Similarly to the solar ceil shown in Rg. 1. an amorphous silicon thin film solar cell was manufactured by a 
method according^ Comparison Example 1 8. A Ag lilm 202 having a thickness of 300nm as a backside electrode 21 0 
and a ZnO film 203 having a thickness o1 100nm thereon were formed on a glass substrate 201 by sputtering. There- 
after, the substrate was transferred Into a semiconductor layer forming chamber 2nip, a phosphorus-doped, n-type 
microcrystalline silicon layer 204 having a thickness of 1 0nm, a non-doped, amorphous silicon photoelectric conversion 
layer 205 having a thickness of 300nm and a boron-doped, p-type microcrystalline silicon layer 206 having a thickness 
of 8nm were formed on backside electrode 21 0 by plasma CVD, and thus an nip-type photoelectric conversion unit 21 1 
was formed. Meanwhile, before Hype layer 205 was formed, the gas in chamber 2nip was once evacuated in a vacuum, 
then replaced with a hydrogen gas at a flow rate of lOOsccm. Meanwhile, before p-type layer 206 was formed, the gas 
in chamber 2nip was simply evacuated in a vacuum once and not replaced with hydrogen. A transparent ITO fim as 
thick as &0nm was deposited as a front side electrode 207 on photoelectric conversion unit 21 1 by sputtering, and a 
comb-shaped. Ag fliftctrode 206 used to take current was formed thereon by vacuum vapor deposition. 
[0081 ] N-type microcrystalline silicon layer 204 was deposited by RF plasma CVD under the following conditions. 
More specifically, the flow rate of the reaction gas was Ssccm for silane. 200sccm for hydrogen, and O.OSsocm for phos- 
phine, and the pressure in the reaction chamber was set to ITorr. The RF power density was ISOmW/cm 2 and the film 
forming temperature was 200°C. The dark conductivity of this n-type microcrystaJine silicon film as thick as 300nm and 
directly deposited on a glass substrate under the same conditions was 1 0S/cm. Furthermore, amorphous silicon pho- 
toelectric conversion layer 205 formed on this n-type microcrystalline silicon layer 204 was deposited by RF plasma 
CVD at a film forming temperature of 150°C. At this time, silane was used for the reaction gas, and the pressure in 
chamber 2nip was 0.3Torr. The dark conductivity of an i-type amorphous silicon film as thick as 300nm and directly 
deposited on a glass substrate under the same film forming conditions was 5x10" 10 S/cm. The deposition speed of this 
i-type amorphous silicon layer 205 was 0.36jim/hr. 

[0082] In the output characteristics, when incident light 209 of AM 1 .5 with 1 00m W/cm 2 was directed to the amor- 
phous type solar bell manufactured in this comparison example 18, the open-circuit voltage was 0.830V. the short-cir- 
cuit current density was 1 6.3mA/cm£, the f II factor was 50.3%, and the conversion efficiency was 6.83%. 

Comparison Example 19 

[0063] Similarly to the solar cell shown in Fig. 1 , a polycrystalline type siicon thin film solar cell was manufactured 
by a manufacturing method according to Comparison Example 19. In chamber 2nip, an n-type microcrystalline silicon 
layer 204, a pdyctrystalKne silicon photoelectric conversion layer 205, and a p-type microcrystalline silicon layer 206 
were formed in this order by plasma CVD. and thus an nip junction was formed. N-type microcrystalline silicon layer 204 
and p-type microCrystaKine silicon layer 206 were formed similarly to those in Comparison Example 18. Meanwhile, 
polycrystalline silibon photoelectric conversion layer 205 was formed using siane and hydrogen as the reaction gas, the 
ratio of silane/hydrogen was 1/18 and the pressure in chamber 2nip was set to LOTorr. The RF power density was 
1 SmW/cm 2 , and the film forming temperature was set to 400°C. The deposition speed of i-type layer 205 was 0 .SjinVhr. 
[0084] tn this Comparison Example 19. similarly to Comparison Example 18, before I-type layer 205 was formed, 
the gas in chamber 2 nip was once evacuated in a vacuum and then replaced with a hydrogen gas at a flow rate of 
lOOsccm for 3 minutes. Before p-type layer 206 was formed, the gas in chamber 2nip was simply evacuated once and 
not replaced with hydrogen. 

[0086] In polycrystalline silicon photoelectric conversion layer 205 formed according to Comparison Example 19, 
the hydrogen content obtained by secondary ion mass spectroscopy was 4 atomic %, and the intensity ratio of the (1 1 1 ) 
diffraction peak relative to the (220) diffraction peak in X-ray diffraction was 1/9. 

[0086] In the output characteristics, when incident light 209 of AM1.5 with 1 0OmW/cm 2 was directed to a polycrys- 
talline solar eel obtained by the manufacturing method in this Comparison Example 19, the open-circuit voltage was 
0.467V, the short-circuit current density was 26. 5m A/cm 2 , the fill factor was 65.4%, and the conversion efficiency was 
8.09%. 

Emboolment 15 

[0087] A polycrystalline silicon thin film solar cell was manufactured by a method according to Embodiment 1 5 cor- 
responding to the solar ceil In Fig. 1 . !n chamber 2nip. an n-type rricrocr/stalline silicon layer 204, a polycrystalline sil- 
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icon photoelectric conversion layer 205, and a p-type microcrystalline silicon layer 206 were formed in this order by 
plasma CVD, and thus an nip junction was formed. N-type macrocrystalline silicon layer 204 and p-type rricrocrystaJHrte 
siteon layer 20* were manufactured similarly to Comparison Example 1 8. However, porycrystatine eiBcon photoelectric 
conversion layer 205 was formed with silane and hydrogen as the reaction gas, the ratio of silane and hydrogen was set 
to 1/1 20, the pressure in chamber 2nip was set to S.OTorr. The RF power density was 1 20mW/cm z , and the film forming 
temperature we* set to 400°C. The deposition speed of i-type layer 205 at this time was 1 .4nm/hr. 
[0068] Note that similarly to Comparison Example 18, the gas in chamber 2nip was evacuated in a vacuum once 
and replaced with a hydrogen gas at a flow rate of lOOsocm for 3 minutes before i-type layer 205 was formed In Embod- 
iment 15. The gas in chamber 2nip was simply evacuated once before p-type layer 206 was formed and not replaced 

with hydrogen. _ , Me% 

[0089] Thereafter, front side electrodes 207 and 208 were manufactured similarly to Comparison Example 18. 
[00901 In ^crystalline silicon photoelectric conversion layer 205 formed in Embodiment 1 5, the hydrogen content 
obtained by secondary Ion mass spectroscopy was 4 atomic %, and the Intensity ratio of the (1 1 1) diffraction peak rel- 
ative to the (22b) detraction peak in X-ray diffraction was 1/9. 

[0091] In the output characteristics, when incident light 209 of AMI .5 with 100m W/cm 2 was directed to the solar 
cell manufactured by the method of Embodiment 15. the open-circuit voltage was 0.522V, the short-circuit current den- 
sity was 26.9mA/cm 2 , the fill factor was 73.4%, and the conversion efficiency was 10.3%. 

[0092] By a method of manufacturing a solar cell according to another embodiment of the present invention, a pho- 
toelectric conversion unit 21 1 including an nip or pin junction is deposited by plasma CVD on backside electrode 210 
as shown in Fig. 1 . At least one of the p-type and n-type layers of conductivity type layers 204 and 206 included in such 
photoelectric conversion layer 21 1 is formed as a conductivity type layer of a crystalline silicon-based thin film such as 
noncrystalline silicon or rnicrocystalline silicon having a crystallized volume fraction of 50% or more. The thickness of 
each of these conductivity type layers 204 and 206 is set preferably in the range from 2 to SOrrra 
[0093] Crystalline silicon-based conductivity type layers 204 and 206 are deposited by plasma CVD at a pressure 
of 5Torr or more, preferably 10Torr or more in the reaction chamber. The high frequency power density at this time is 
preferably not less than SOmW/cm 2 . The reaction gas introduced into the reaction chamber Includes a slane-based 
gas, a doping gas containing conductrvrty-determining impurity atoms, and a diluted hydrogen gas as main constitu- 
ents, and the flow ratio of the cSluted gas to the sflane-based gas is set 100 times or more. Under these conditions to 
form crystalline silicon-based conductivity type layers 204 and 206, the deposition speed is 12nm/min or higher, more 
preferably 25nrn/min or higher. 

[0094] If crystalline silicon-based conductivity type layers 204 and 206 are each made to grow to have a thickness 
of 1 0Onm or more under the above described deposition conditions, most grains included in these conductivity type lay- 
ers grow extending upward In a columnar manner from the underlying layer. Most of these grains have a (1 10) prefer- 
ential crystal orientation plane parallel to the surface of the film, and the intensity ratio of the (111) diffraction peak 
relative to the (220) diffraction peak in X-ray diffraction is 0.2 or less. In these crystalline silicon-based conductivity type 
layers, the hydrogen content obtained by secondary ion mass spectroscopy is in the range from 0.5 to 30 atomic %. 
[0095] Herein, the physical value of a crystalline silicon-based axKKKrtrvity type layer made to grow as thick as 
1 0Onm or larger and having a state close to a bulk state is believed to have an absolute value somewhat different from 
those of thin crystalline silicon-based conductivity type layers 204 and 206 deposited under the same CVD conditions 
In an actual photoelectric converter. However, it is difficult to evaluate drectly and accurately the physical value of thin 
crystalline silicon-based conductivity type layers 204 and 206 formed in an actual photoelectric converter, and if it were 
possible, a high level evaluation method would be required if possible, and therefore the physical value of a crystalline 
conductivity type layer having a small thickness, close to a bulk state as described above Is used tor relative evaluation. 
However, one can easily assume that there exists dose relation in the physical values between crystalline silicon-based 
conductivity type layers having small and large thicknesses formed under the same plasma CVD conditions. 
[0096] In the method of forming crystalline silicon-based conductivity type layers 204 and 206 according to the 
present invention, the pressure is higher than in the conventional cases where the pressure is less than 1Torr, and 
therefore, ion damages in the film can be reduced as much as possible As a result, if the discharge power or the gas 
flow rate is increased to raise the deposition speed, a high quality fim may be formed at a high speed with reduced ion 
damages to the underlying material. Otherwise possible contamination by power generated in the reaction chamber by 
forming a film at a high pressure is less likely, because the material gas is diluted with a large amount of highly thermally 
conductive gas such as hydrogen. 

[0097] For the following reasons, crystalline silicon-based conductivity type layers 204 and 206 having higher qual- 
ity than the conventional methods can be obtained. Since the deposition speed Is high, the percentage of impurity 
atoms such as oxygen and nitrogen remaining in the reaction chamber being introduced into the film is reduced. Since 
the time requfred tor crystal nudeations in the Initial stage of the flm formation is short, which relatively reduces the 
nucleation dehsity, so that strongly oriented, large crystal grains may be more easily formed. If the fim is formed at a 
higher pressure, grain boundaries or defects in the grains can be more easily passivated by hydrogen, which reduces 
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the density of such defects. By these effects, the activation ratio of cofK^ctivrtyKjeterrniriing impurity atoms irnportant 
(or conductivity type layers 204 and 206 is improved, and the resistance of these conductivity type layers can be easily 
reduced. 

[0098] WleartwWIe, photoelectric conversion layer 205 of a crystalline silicon-based thin film may beateo formed at 
an underlying temperature of 550*C or lower by plasma CVD as previously mentioned inconn^om 
embodiments. The thickness of photoelectric conversion layer 205 Is in the range from 0.5 to 20 M m which is necessary 
and sufficient tor the crystalline silicon-based thin lirn layer. . Wl . 

[00991 Crystalline sifccon-based thin mm photoelectric conversion layer 205 is preferably formed under the following 
conditions similarly to the previously mentioned conductivity type layers 204 and 205. More specifically, as the plasma 
CVD conditions to deposit photoelectric conversion layer 205. the pressure in the reaction chamber is set to at least 
5Torr preferably to at least 1 0Torr. The high frequency power density is preferably at least 50mW/crrr*, more preferably 
at least lOOmW/cm 2 . In addition, the gas introduced into the reaction chamber includes a sHane-based gas and a 
diluted gas containing hydrogen as main constituents, and the flow ratio of the diluted gas to the silane-based gas is 
100 times or more. Under the condrtions toforrn crystalline silicon-based thin Hm photoelectric conversion layer 205 as 

described above, the deposition speed is 12nm/min or higher. 

[01001 For the same reason applied to the case of conductivity type layers 204 and 205, crystalline silicon-based 
thin fim photoelectric conversion layer 205 having a quality higher than the conventional methods is obtained In this 
._ bcd :^^ ^ (CC *k~ HQposition speed te high, the percentage of irnpuriti such a* oxygen and nrtnvwi remaining n 
the react^^mfeeTkiing introduced into the film is reduced. Since the time required tor crystal nudeatfons in the ini- 
tial stage of the film growth is short, which relatively reduces the nucleation density, so that strongly crystal-oriented, 
large grains may be more easily formed. If the film is formed at a high pressure, grain boundaries and defects In grains 
are easily passlvated by hydrogen and the density of such defects is reduced. 

[01011 As in the foregoing, conductivity type layers 204 and 206. and photoelectric conversion layer 205 Included 
in photoelectric conversion unit 21 1 are all deposited by plasma CVD at the above-mentioned temperature, gas ftow 
ratio, pressure and deposition speed, the characteristics and manufacturing throughput of the photoelectric conversion 

converter are further improved . 

[0102] A transparent oonducth/e oxide film 207 including at least one selected from ITO. Sn0 2 . ZnO and the like is 
formed on photoelectric conversion unit 21 1 . and a comb-shaped, metalic electrode including a layer of at least one 
metal selected from Al. Ag. Au. Cu. Pt and the like or an alloy thereof is formed thereon as a grid electrode 208 by sput- 
tering or vapor deposition, and thus the photoelectric converter as shown in Fig. 1 is completed. 
[0103] In the following, a polycrystalline silicon-based thin film solar cell according to an embodiment in which at 
least one conductivity type layer is formed into crystalline will be described together with a solar cell of a companson 
example. 

Embodiment 16 

[0104] As a backside electrode 210, a polycrystalline silicon-based thin film solar cell was manufactured as Embod- 
iment 16 corresponding to Fig. 1. A metallic layer 202 including a Ti layer having a thickness of 50nm and a Ag layer 
having a thickness of 300nm thereon, and a ZnO fim 203 having a thickness of 100nm were formed sequentially by 
sputtering ^ a glass substrate 201 . There were formed on backside electrode 210, a phosphorus-doped, n-type crys- 
talline silicon layer 204 as thick as 20nm, a non-doped, crystal! ine silicon layer 205 as thick as 3nm and a bororvdoped. 
p-type crystalline Silicon layer 206 were formed by RF plasma CVD, and thus an nip photoelectric conversion unit 21 1 
was formed A transparent conductive ITO fim as thick as 80nm was deposited as a front side electrode 207 on hp pho- 
toelectric conversion unit 21 1 by sputtering, and a comb-shaped. Ag electrode 208 to take current was deposited ther- 
eon by vapor deposition 

[0105] N-type layer 204, i-type layer 205, and p-type 206 Included in photoelectric conversion unit 21 1 were depos- 
ited by RF plasma CVD using a high frequency power supply of 13.56MHz. The reaction gas used tor depositing these 
layers at this time was silane and hydrogen. However, n-type layer 204 was doped additionally using phosphine as a 
doping gas, and p-type layer 206 additionally using diborane. 

[0106] Table $ gives various plasma CVD deposition conditions tor forming n-type layer 204. i-type layer 205, and 
p-type layer 206. As characteristics of each of crystalline semiconductor layers 204, 205 and 206, Table 9 also gives the 
ratio of the (111) diffraction peak relative to the (220) diffraction peak in X-ray diffraction and the hydrogen content 
obtained by secondary ion mass spectroscopy for these layers. 
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Table 9 
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20 



Layer 


Gas Row 
Ratio 


Temp. (°C) 


Pressure 
(Ton) 


Discharge 

Power 
(mW/cm 2 ) 


Film Thick- 
ness (nm) 


Deposi- 
tion 
Speed 
(nnVmin) 


X-ray Dif- 
fraction 
(111)/(220) 


H Content 

in Rim 
(atom.%) 


n 


1/^20 


300 


5.0 


120 


20 


15 


0.14 


2.0 


i 


1/^20 


300 


50 


120 


3000 


15 


0.16 


2.3 


P 


1/140 


150 


5.0 


180 


10 


12 


0.19 


6.0 



101071 In the outout characteristics, when Incident light 209 of AM 1.5 with 100 mW/cm 2 was drected to the silicon 
thin film solar cell of Embodiment 16. the open-circuit voltage was 0.484V. the short-circuit current densrty was 
26.2mA/cm 2 , the fin factor was 73.3% and the conversion efficiency was 9.3%. 

Embodiment 17 

mi 081 m Embodiment 1 7. a silicon solar cell similar to Ernbodirnent 1 6 was manufactured. As shown in Table 1 0 
similar to Table 9. the solar cell according to Embodiment 1 7 is different from the solar carl according to Em^irnent 
1 6 In that crystalline n-type layer 204, crystalline i-type layer 205 and crystalline p-layer 206 deposited ^d^dWer- 
ent plasma CVD conditions. As can be seen from comparison between Table 10 and Table 9. In the solar cell of Embod- 
iment 17. the dilution ratio of hydrogen relative to s»ane. the reaction gas pressure, discharge power and deposition 
speed are increased. 



Table 10 



Layer 


Ga* Flow 

Ratio 
Slane/H 2 


Temp. CC) 


Pressure 
(Torr) 


Discharge 

Power 
(mW/cm 2 ) 


Rim Thick- 
ness (nm) 


Deposi- 
tion 
Speed 
(nm/min) 


X-ray Dif- 
fraction 
(111)/(220) 


H Content 

in Film 
(atom. %) 


n 


1/180 


300 


10.0 


250 


20 


32 


0.09 


2.6 


i 


1/180 


300 


10.0 


250 


3000 


34 


0.07 


2.7 


P 


1/250 


150 


10.0 


300 


10 


26 


0.12 


7.4 



[0109] In the output characteristics, when Incident light 209 of AM1.5 with 1 0OmW/cm 2 was drected to a polycrys- 
talKne silicon thin film solar cell of Example 1 7, the open^circuit voltage was 0.51 6V, the short-drcurt current density was 
26.9m A/cm 2 , the fin factor was 77.1%, and the conversion efficiency was 10.7%. 



Embodiment lis 

[0110] In Embodiment 18, a silicon thin film solar cell similar to Embodiment 17 was manufactured. More specifi- 
cally a6 given In Table 1 1 similar to Table 10. Embodiment 18 is different from Embodiment 17 in that the plasma CVD 
conditions of crystalline n-layer 204, crystalline i- layer 205, and crystalline p-layer 206 included in photoelectric conver- 
sion unit 21 1 are different. As can be seen from comparison between Tables 1 0 and 1 1 . in Embodiment 18. the dilution 
ratio of hydrogen relative to silane and the discharge power are further increased as compared to Embodiment 17. 



Table 11 



55 


Layer 


Gas Flow 

Ratio 
SilaneA^ 


Temp. (*C) 


Pressure 
(Tort) 


Discharge 

Power 
(mW/cm 2 ) 


Film Thick- 
ness (nm) 


Deposition 
Speed 
(nnVmin) 


X-ray Diffrac- 
tion 
(111)/(220) 




n 


1/200 


200 


10.0 


450 


20 


33 


0.11 
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Table 11 (continued) 



Layer 


Qas Row 

Ratio 
SlIaneVHs 


Temp. CC) 


Pressure 
(Torr) 


Discharge 

Power 
(mW/cm 2 ) 


Rim Thick- 
ness (nm) 


Deposition 
Speed 
(nm/rrtn) 


X-ray Diffrac- 
tion 
(111)/(220) 


i 


1/200 


200 


10.0 


450 


3000 


34 


0.09 


P 


1/300 


100 


10.0 


650 


10 


30 


0.13 



10 [01 1 1 ] In the output characteristics, when incident light 209 of AM 1 .5 with 1 00mW/cm 2 was directed to the siicon 
thin film solar cell of Embodiment 18, the open -circuit voltage was 0.529V, the short-circuit current density was 
26.4mA/cm 2 , the fill factor was 76.0%, and the conversion efficiency was 10.6%. 

Embodirnents 1 9 10 22 

15 

[0112] In Embodiments 19 to 22, silicon thin film solar cells similar to Embodiment 17 were manufactured. More 
specif icaly, Embodiments 19 to 22 are different from Embodiment 17 only In that the plasma CVD conditions of crys- 
iaiiirie p-iype iuytif 206 W6ftt Changed in VeulGuS ways. Tabie 12 yPv'£5 VSTrGLiS pISSTTIS CVD conditions according to 
Embodiments 19 to 22 and physical values of p-type layer 206 formed under those conditions together with the condi- 
20 tions and physical values according to Embodiment 1 7. 



Table 12 



Embodi- 
ment No, 


Qas Flow 

Ratio 
Silane/Hs 


Temp. (°C) 


Pressure 
(Ton) 


Discharge 
Power 

(mW/cm2) 


Film 
Thick- 
ness (nm) 


Deposi- 
tion 
Speed 
(nnVmin) 


X-ray Dif- 
fraction 
(111)/(220 
) 


H Content 
In Rim 
(atom.%) 


17 


1/250 


150 


10.0 


300 


10 


26 


0.12 


7.4 


19 


1/100 


150 


5.0 


200 


10 


15 


0.20 


8.4 


20 


1/300 


200 


10.0 


650 


10 


30 


0.07 


4.9 


21 


1/500 


150 


20.0 


900 


10 


52 


0.10 


8.5 


22 


1/500 


150 


20.0 


900 


5 


52 


0.10 


8.5 



[01 13] In the dutput characteristics, when incident light 209 of AM1 .5 with 1 0OmW/cm 2 was directed to solar cells 
of Embodiments 1 1, 1 9 to 22 including p-type layer 206 formed under the conditions given in Table 1 2, open-circuit volt- 
age Voc, short-circuit current density Jsc, fill factor F.F., and conversion efficiency Effi. given in Table 13 were obtained. 



Table 13 



so 





Voc (volts) 


Jsc (mA/cm 2 ) 


PR (%) 


Effi.(%) 


Embodiment 17 


0.516 


26.9 


77.1 


10.7 


Embodiment 19 


0.489 


26.5 


74.9 


9.7 


Embodiment 20 


0.535 


260 


76.4 


10.6 


Embodiment 21 


0.522 


26.2 


75.0 


10.3 


Embodiment 22 


0.519 


27.0 


74.9 


10.5 



Comparison Examples 20 to 22 

55 [0114] In Cornparison Examples 20 to 22, silicon sdar cells similar to Embodiment 17 were manufactured. More 
specifically, Comparison Examples 20 to 22 are different from Embodiment 1 7 only in that the plasma CVD conditions 
of n-type layer 204 and p-type layer 206 are changed in various way6. as given in Table 14 simiar to Table 10. As can 
be seen from comparison between Tabie 10 and Tabie i 4, the hydrogen dilution ratio, reaction gas pressure, discharge 
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power and deposition speed are significantly reduced in Comparison Example 20. In Comparison Example 21, the 
hydrogen dilution ratio is not changed, but the reaction gas pressure, Discharge power and deposition speed are 
reduced- In Comparison Example 22. the reaction gas pressure is not changed, while the hydrogen dilution ratio and 
discharge power are reduced. 
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iOi 1 5j in the output characteristics, when incident Sight 209 of AMI .5 with 1 0OmW/om 2 was directed to silicon thin 
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film solar cells of Comparison Examples 20 to 22, open-circuit voltage Vbc, short-circuit current density Jsc, fill factor 
F.F., and conversion efficiency EffL are given in Table 15. 



Table 15 





Voc (vote) 


Jsc (mA/cm 2 ) 


F.R C%) 


Efll. (%) 


Comparison Example 20 


0.475 


25.9 


71.2 


8.7 


Comparison Example 21 


0.451 


26.0 


67.0 


7.8 


Comparison Example 22 


0.371 


23.0 


51.7 


4.41 



[01 1 6] The photoelectric conversion characteristics of Comparison Examples 20 to 22 given in Table 1 5 are clearly 
poorer than those of Embodiment 16 to 22, and particularly the photoelectric conversion efficiency is much lower. More 
specifically, in Comparison Example 20, the hydrogen dilution efficiency, reaction gas pressure, and discharge power 
are smaller than those of the embodiments, and therefore the deposition speed is significantly lower than the embodi- 
ments and the photoelectric conversion efficiency is tow. in Comparison Example 21 , the hydrogen dilution ratio is 
raised to similarly to ErnbOuirneni 1 7, but the rsacuor i gas pressure is Sow similarly to the conventi on a! methods and the 
discharge power is not sufficiently increased so that the deposition speed is significantly lower and the photoelectric 
conversion efficiency is low. In Comparison Example 22, whie the reaction gas pressure and discharge power are 
higher than the conventional cases, but the hydrogen dilution ratio is smal as the converrtionai case, which increases 
the deposition speed 1o a level equal to or higher than the emborJments, but the f im quality of a resulting semtondtjctor 
layer is lowered, which significantly lowers the photoelectric conversion efficiency. 

Embodiment 23 

[01 1 7] The methods of forming a poiycrystaline silicon thin film &oiar cell inducing the steps of forming crystalline 
silicon layers 204, 205 and 206 at a low temperature and a high speed according to Enixxfiment 1 6 to 22 as described 
above are also useful in the manufacture of tandem type solar ceDs having an amorphous silicon-based thin film pho- 
toelectric conversion unit further layered upon, which is manufactured in substantially the same process. In Embodi- 
ment 23 corresponding to Fig. 2, an amorphous type photoelectric conversion unit 412 having an n-type layer 413, an 
i-type layer 414, arid a p-type layer 415 is placed on polycrystalline silicon thin film photoelectric conversion unit 411. 
As 1-type layer 41 4 included in arrorphous type photoelectric conversion unit 41 2, a non-doped, amorphous silicon pho- 
toelectric conversion layer having a thickness of 0.3 jim was formed. In the tandem type solar cell according to Embod- 
iment 23, the photoelectric conversion efficiency obtained under the same illumination conditions as the foregoing 
embodiments was 13.5%. 

Industrial Applicability 

[0118] As desorbed above, by the methods of manufacturing a photoelectric converter according to the present 
invention, a crystal ine silicon-based thin film layer can be significantly improved in the deposition speed as compared 
to conventional methods when the layer is formed by plasma CVD, higher film quality results, and the Invention can 
greatly contribute to both improvement in the performance of silicon-based thin f im photoelectric converters and reduc- 
tion of the cost. 

Claims 

1 . A method of rnanufacturing a silicon-based thin f Mm photoelectric converter, 

said photoelectric converter comprising one or more photoelectric conversion units formed on a substrate, at 
least one of said photoelectric conversion units being a polycrystalfine photoelectric conversion unit including 
a semiconductor layer of one conductivity type, a crystalline silicon-based thin film photoelectric conversion 
layer, and 1 a semiconductor layer of the opposite conductivity type stacked in this order by plasma CVD, 
wherein 

said crystalline photoelectric conversion layer is deposited by said plasma CVD under the following conditions: 
the temperature of the underlying layer is at most 550° C; 

a gas intrdduced into a plasma reaction chamber includes a silane-based gas and a hydrogen gas as main 
constituents, the flow ratio of the hydrogen gas relative to the sllane-based gas being 50 times or more; 
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the pressure in said plasma reaction chamber is set to at least 3Torr; and 
the forming speed of the film is at least 17nm/min. 

2. The method of manufacturing a silicon-based thin film photoelectric converter according to claim 1 . wherein 

5 

the pressure in said plasma reaction chamber is set to at least STorr. 

3. The method of manufacturing a silicon-based thin film photoelectric converter according to claim 1 , wherein 

10 said photoelectric conversion layer is a polycrystaJline silicon film or a microcrystaline silicon film having a 

crystatized volume fraction of at least 80%, contains hydrogen in the range from 0.5 atomic % to 30 atomic 
and has a thickness in the range from 0.5 to 20um. 

4. Tne method of manufacturing a silicon -based thin film photoelectric converter according to claim 1 . wherein 

16 

said photoelectric conversion layer has a (1 1 0) preferential crystal orientation plane parallel to its film surface, 
and the intensity ratio of the (1 1 1) diffraction peak relative to the (220) diffraction peak in its X-ray diffraction Is 
at most i/io. 

20 5. The method of manufacturing a silicon-based thin film photoelectric converter according to claim 1 , wherein 

at Iea4t one of amorphous photoelectric conversion units including a semiconductor layer of one conductivity 
type. An amorphous silicon-based thin film photoelectric conversion layer, and a semiconductor layer of the 
opposite conductivity type sequentially layered upon one another by plasma CVD is added over or under at 
25 least one of said porycrystalfine photoelectric conversion units, 

6. The method of manufacturing a silicon-based thin film photoelectric converter accord ng to claim 2, wherein 

a distance between an electrode which supports said substrate and an electrode opposite to the substrate is 
so set to 1 an or less in order to generate plasma dtecharge. 

7. The method of manufacturing a silicon-based thin film photoelectric converter according to claim 6, wherein 

said photoelectric conversion layer is deposited In a plasma discharge power density of at least 1 00mW/cm 2 

35 

8. The method of manufacturing a silicon-based thin film photoelectric converter according to claim 6, wherein 

a high 1 frequency power supply having a frequency of at most 1 50MHz is used as a plasma discharge power 
supply when said photoelectric conversion layer Is deposited. 

40 

9. A plasma CVD apparatus used in the method of manufacturing a silicon-based thin film photoelectric converter 
according to claim 6. wherein 

at least one of said two plasma discharge electrodes includes a movable electrode, and the distance between 
45 these two electrodes can be set to icmor more when said substrate is transported and can be set to 1cm or 

less when said photoelectric conversion layer is deposited. 

1 0. The plasrria CVD apparatus according to claim 9, wherein 

so said electrode opposite to said substrate has said gas discharge inlets in a density ol at least 2 inlets/cm 2 on 

its surface, and each of the gas inlets has a diameter in the range from 0.1 to 1mm. 

1 1 . The plasma CVD apparatus according to claim 10, further comprising a gas flow path control plate which tubularly 
surrounds said two electrodes to control the flow rate of a gas discharged from said gas inlets, said gas flow path 

55 control plate being separated at a distance in the range from 1 to 50cm from the circumference of said electrode. 

1 2. The plasma CVD apparatus according to claim 1 1 . wherein 
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said gas flow path control plate extends in a direction substantially orthogonal to said two electrodes, and both 
ends of eaM plate extend beyond the positions of said two electrodes. 

1 3. The plasma CVD apparatus according to claim 1 1 . wherein 

said gas flow path control plate can be controlled at a temperature 100°C plus and minus the temperature o« 
said substrate. 

14. A method of rrlanufacturing a silicon-based thin film photoelectric converter by plasma CVD, wherein 

a layer of one conductivity type is formed to have a thickness in the range from 2 to 50nm, 

an i-type crystalline silicon-based photoelectric conversion layer is formed to have a thickness in the range 

from 1 to $prn at a deposition speed of at least 17nrn/min t 

a layer of the opposite conductivity type is formed to have a thickness in the range from 2 to 50nm, and 
said one conductivity type layer, said i-type photoelectric conversion layer and said opposite conductivrty type 
layer are sequentially formed in the same plasma CVD reaction chamber. 

1 5. The method of manufacturing a photoelectric converter according to claim 14, wherein 

at the tim4 of depositing said crystalline silicon-based photoelectric conversion layer, a material gas includes a 
silane-based gas including at least one of silane and disilane and hydrogen, the flow ratio of the silane-based 
gasmydrojgen is in the range from 1/100 to 1/500. 

16- A method of manufacturing a silicon-based thin film photoelectric converter, 

said photoelectric converter comprising one or more photoelectric conversion units formed on a substrate, at 
least one bl these photoelectric conversion units being a porycrystalline photoelectric conversion unit including 
a semiconductor layer of one conductivity type, a crystalline silicon-based photoelectric conversion layer of 
substantially intrinsic semiconductor, and a semiconductor layer of the opposite conductivity type sequentially 
layered u|t>on one another by plasma CVD, wherein 

at least one of these conductivity type layers includes a crystalline silicon-based thin film and the crystalline 
conductivity type layer is deposited by said plasma CVD under the following conditions: 
the temperature of the underlying layer is at most 550* C; 

a silane-based gas and a diluted gas containing hydrogen are used as main constituents of a material gas 
introduced into a plasma reaction chamber, where the flow rate of the diluted gas is 100 times as large as that 
of the silejne-based gas; 

the pressure in said plasma reaction chamber is set to at least STorr; and 

the film is deposited at a speed of at least 12nrrvmin in the thickness-wise direction to have a thickness in the 
range from 2 to 50nm. 

1 7. The method df manutacturing a silicon-based thin film photoelectric converter according to claim 1 6, wherein 

said crystalline conductivity type layer is deposited at a pressure of at least 1 0Torr in the said plasma reaction 
chamber and a deposition speed of at least 25nm/min. 

18. The method Of manufacturing a silicon-based thin film photoelectric converter according to claim 16, wherein 

In the deposition conditions by said plasma CVD, said crystalline conductivity type layer becomes a crystalline 
silicon filrh having a crystallized volume fraction of at least 50%,when the crystalline conductivity type layer is 
deposited to have a thickness of at least 100nm, said crystalline silicon film having hydrogen in the range from 
0.5 to 30 atomic %, a (110) preferential crystal orientation plane parallel to its film surface, and the intensity 
ratio of the (111) diffraction peak relative to the (220) diffraction peak is at most 0.2. 

19. The method of manuiacturing a silicon-based thin film photoelectric converter, 

said photoelectric converter comprising one or more photoelectric conversion units formed on a substrate, at 
least one of these photoelectric conversion units being a porycrystalline photoelectric conversion unit including 
a semiconductor layer of one conductivrty type, a photoelectric conversion layer of substantially intrinsic semi 
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conductor, and a layer of the opposite conductivity sequentially layered upon one another by plasma CVD, 
wherein 

these semiconductor layers all include a crystalline silicon-based thin f im, and are deposited by said plasma 

CVD uhder the following. conoWons: 

the temperature of the underlying layer is at most 550*C; 

a silarte-based and a diluted gas Including hydrogen are used as main constituents of a material gas intro- 
duced Into the plasma reaction chamber, the flow rate of the diluted gas being at least 100 times as large as 
that of [the slane-based gas; 

the pressure In said plasma reaction chamber is set to at least 5Torr; and 

the lim is deposited at a speed of at least 12nrrVmin in the thicknes6-wise direction, any of the conductivity type 
layers being deposited to have a thickness in the range from 2 to 50>im; and said photoelectric conversion layer 
being deposited to have a thickness in the range from 0.5 to 20 urn 

20. The method of manufacturing a silicon-based thin film photoelectric converter according to claim 16, wherein 

at least one of amorphous photoelectric conversion units including a semiconductor layer of one conductivity 
type, en amorphous silicon-based photoelectric conversion layer and a semiconductor layer of the opposite 
conductivity Is added over or under at least one of said polycrystalfine photoelectric cony*™™ units 
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FIG. 3 
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